Abstract-This paper presents a polysilicon slider and a rotor capable of stepwise motion. These devices were fabricated on a silicon wafer with surface micromachine technology. The proportional relation between the velocity of motion and the frequency of the applied pulse was experimentally confirmed. The peak value of the applied pulse determines the step length. The step values observed were in the range of 10-30 nm for a bushing height of 1.0 pm and of 40-80 nm for a bushing height of 2.0 pm depending on the peak voltage of the applied pulse.
. Continuous motion and/or fine control of the movement of polysilicon microstructures are characterized. In case of the combdrive microactuator, the fine control of displacement has been achieved but the length of displacement is limited by the device structure. We have experimented with stepwise motion in polysilicon microstructures which move by a new electrostatic driving mechanism, and have been able to control this motion with precision. This paper presents concept, design and fabrication of new microactuators with experimental validation of operation. In the actuator, a polysilicon slider or a rotor moves by step motion. Fig. 1 illustrates a model of the step motion of the polysilicon microstructure in the study. Fig. l(a) shows a cross-sectional view of the polysilicon plate and bushing on an insulator film (Si3N4) of an Si wafer. At the rise of an applied pulse, the plate is pulled down. Since one end of the plate, supported by the bushing, can not move, the other part is pulled down to come into contact with the surface of the insulator. The warp of the plate causes the bushing to shift, as shown in Fig. l(b) . Distortion energy is temporarily stored in the plate. At the fall of the pulse, the distortion is released and the plate snaps back to its original shape, as shown in Fig. l(c If the distance shifted in the polysilicon microstructure for an applied pulse is designated as the step A x , the velocity U of the polysilicon microstructure is simply given by
MECHANISM OF STEP MOTION
where f is a frequency of applied pulse. The simple geometrical relation of
gives the step, where I ' is the length of the plate touching the insulator film.
111. DESIGN A polysilicon slider and rotor, fabricated in assembled form on a silicon wafer with the conventional surface micromachine technology, consists of five masks. They were designed using our Bitmap-IV CAD [7] with which we implemented additional functions to draw circles and fan shapes. The first mask defines the polysilicon rail for power supply. The second one opens the bushing window for sacrificial CVD-Si02. The third one delineates the polysilicon slider and rotor plate. The fourth one opens the windows for the polysilicon shaft of rotor. The last one delineates the polysilicon shaft and cap of the rotor. The smallest dimension of the mask pattern on the bitmap is X = 4 pm.
The set of mask data was then converted into an electron-beam direct writing format.
IV. FABRICATION A one-inch cutting (100) silicon wafer having a 3 mmsquare grooved belt 25 pm wide as an alignment mark for electron-beam direct writing was used as a starting wafer. tor at stages in the fabrication sequence. 0.3 pm silicon nitride was deposited over the entire silicon surface at 900°C by the thermal reaction of SiH4 and NH3 in N2.
Then, 0.3 pm phosphorus doped polysilicon was deposited at 650°C by the thermal decomposition of SiH4 in N,, in addition with PH,. After the first lithographic step, the polysilicon film was patterned to form a rail in the SF6 plasma ( Fig. 2(a) ).
Thick Si02 was deposited at 610°C by the thermal reaction of SiH4 and 0, in N2. Its thickness determines the bushing height. The second lithographic step was to open the bushing windows. The S O 2 in the bushing area was once removed completely, exposing the silicon nitride. Then, 50 nm PSG was deposited at 610°C by the thermal reaction of SiH,, PH3 and 0, in N, (Fig. 2(b) ).
1.4 pm polysilicon for the slider and rotor plate was deposited at 615°C by the thermal decomposition of SiH4 in N2. The third lithographic step was to delineate the rotor by etching the remaining polysilicon in the SF6 plasma (Fig. 2(c) ). 0.5 pm Si02 was deposited over the entire silicon wafer at 610°C by the thermal reaction of SiH4 and O2 in N2.
The contact pattern of the shaft was opened in the fourth lithographic step. The S O 2 and PSG in the area where the shaft was directly fixed on the silicon nitride was removed in buffered hydrofluoric acid (Fig. 2(d) ).
1.8 pm polysilicon was deposited at 615°C by the thermal decomposition of SiH4 in N2. After the fifth lithographic step, the polysilicon was patterned to form the shaft with a cap in SF6 plasma. The rotor and the shaft were fabricated in a self-aligned form. 50 nm PSG and 0.5 pm Si02 were successively deposited at 610°C by the thermal reaction of SiH4, PH3 and O2 in N2 (Fig. 2(e) ).
The silicon wafer was heated in N2 at 1050°C for 60 min to release the residual strain of the polysilicon. At the same time, the activation and diffusion of phosphorus in the polysilicon was camed out simultaneously. The last step in the fabrication was to release the rotor from the sacrificial SiO,. The silicon wafer was dipped into 50% HF solution to fully dissolve the sacrificial Si02 (Fig.  2(f) ). The wafer was rinsed in DI water and IPA (Isopropyl Alcohol), and dried carefully in N2 blow.
Both the rotor and slider were fabricated at the same time on the silicon wafer through the wafer process described. The essential parts of the slider fabrication are carried out in three of the five lithographic steps for the rotor fabrication.
V. RESULTS AND DISCUSSION
A schematic diagram of the essential part of the polysilicon slider is shown in Fig. 3(a) and a microphotograph of a fabricated one having a double plate is shown in Fig.  3(b) . In the fabrication steps, the slider was supported by the polysilicon springs at the end of the rail. In the initial test, the springs were cut by the step motion of the sliders. Subsequently, the sliders can move along the rail by accepting an applied pulse. The applied pulse is given through the rail. The slider having a double plate as shown in Fig. 3(b) moves more smoothly along the rail than does a slider having a single plate.
A SEM photograph of a polysilicon rotor having four fins is shown in Fig. 4 . The rotor rotates around the shaft. A pulse is applied through the rail surrounding the rotor fins.
Before observing the movement of the slider and rotor, the static distortion of the slider and rotor plate and the
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suring the moving distance-and the time on the video replay. Value of bushing height h used were 1.0 pm and 2.0 pm. The waveform of the applied pulse is shown in height h is a parameter quency f is confirmed as shown in (1). The typical steps were A x = 28 nm for h = 1.0 pm and A x = 80 nm for h = 2.0 pm, which were obtained from the slopes of the straight lines in Fig. 5 . The observed step motion of the rotor was the same as that of the slider. Fig. 7 shows the rotational velocity as a function of applied pulse frequency at the peak voltage of 150 V. The typical step obtained from the slope of the straight line in Fig. 7 was A x = 123 nm for h = 1.0 pm, when measuring the rotational velocity from the outer trace of the bushing of the plates. A step of A x = 76 nm was obtained using the inner trace of the bushing. In our work, a pulse of 10 Hz-2 kHz with a peak voltage of 30-200 V has been applied to operate the micro step-moving sliders and rotors. Fig. 8 shows the typical relationship between the step A x of the slider and the peak voltage of the applied pulse when the frequency is 1.0 kHz. The step motion for the bushing height h of 1 .O pm started at the peak voltage of about 40 V which seems to be the threshold voltage, at which the beams are twisted, for starting the step motion.
As the peak voltage increases from 40 V to 100 V, the step A x increases in proportion to the peak voltage. For peak voltages above 100 V, the step length tends to remain constant. A similar behavior was also observed for the bushing height of 2.0 pm. The threshold peak voltage for a bushing of 2.0 pm is about 100 V.
There seems to be an appropriate plate length for step motion to occur. Fig. 9 shows the typical relationship between the step A x of the slider and the plate length. As seen in Fig. 9 , with a bushing height of 2.0 pm, the plate length should be between 44 pm and 100 pm for the slider 
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Step of the slider versus plate length. The plate width is 80 bm.
The applied pulse has a peak voltage of 150 V and a frequency of 1 kHz. Bushing height h is 2.0 pm.
to be able to move. At the applied peak voltage of 150 V, the slider having the plate length of 32 pm did not move.
For a plate longer than 80 pm, the step A x tends to decrease. In this study, the thickness t of the polysilicon was 1.4 pm. The thickness of the polysilicon plate is very likely an another parameter determining the step motion.
VI. CONCLUSION
On a silicon wafer a new step-motion polysilicon slider and rotor have been fabricated and observed. It was experimentally observed that the velocity of the polysilicon microstructure was proportional to the frequency of the applied pulse. A proportional coefficient relating the velocity to the frequency is determined by the peak value of the pulse. The weight of the polysilicon microstructures is so small as about g that the micro step-moving sliders and rotors can start and stop without inertia.
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